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Dynamic Resource Allocation for
Multiple-Antenna Wireless Power Transfer

Gang Yang, Chin Keong Ho, and Yong Liang Guan

Abstract—We consider a point-to-point multiple-input-
single-output (MISO) system where a receiver harvests energy
from a wireless power transmitter to power itself for various
applications. To achieve high-efficiency wireless power trans-
fer, the transmitter performs energy beamforming by using
an instantaneous channel state information (CSI). The CSI
is estimated at the receiver by training via a preamble, and
fed back to the transmitter. The channel estimate is more
accurate if a longer preamble is used, but less time will be
left for wireless power transfer. In this paper, we address
the key challenge of balancing the time resource used for
channel estimation and wireless power transfer to maximize
the harvested energy, and also investigate the allocation of
energy resource used for wireless power transfer. First, we
consider the general scenario where the preamble length is
allowed to vary dynamically depending on channel conditions.
Taking into account the effect of imperfect CSI, the optimal
preamble length is obtained online by solving a dynamic
programming (DP) problem. The DP problem is proved to
reduce to an optimal stopping problem. The optimal policy
is then shown to depend only on the channel estimate power
(i.e., the squared [2-norm of the channel estimate). Next,
we consider the scenario in which the preamble length is
fixed by an offline optimization. Furthermore, we derive
the optimal power allocation schemes for both dynamic-
length-preamble and fixed-length-preamble scenarios. For the
former scenario, the power is allocated according to both
the optimal preamble length and the channel estimate power,
while for the latter scenario, the power is allocated according
to only the channel estimate power. The analysis results
are validated by numerical simulations. OQur results show
that with optimal power allocation, the energy harvested
by using the optimized fixed-length preamble is close to
that harvested by using a dynamic-length preamble, hence
allowing a low-complexity yet close-to-optimal wireless power
transfer system to be implemented in practice.

Index Terms—Wireless power transfer, energy beamform-
ing, resource allocation, dynamic channel estimation, dynamic
programming, power allocation

I. INTRODUCTION

Recently, wireless power transfer (WPT) is gaining more
and more attention from both academia and industry.
Although the traditional near-field inductive coupling WPT
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and resonant coupling WPT have high efficiency, they can
only transfer power over a short distance [1]. Further-
more, these WPT methods may have limited support for
power multicast or mobility of the power receiver, hence
restricting their application potential. In comparison, far-
field WPT via radiated electromagnetic (EM) waves can
transfer power to multiple static or moving receivers over
a longer distance (typically several to tens of metres),
and thus enables various engineering applications [2].
In particular, the far-field WPT is promising to address
energy and lifetime bottlenecks for power-limited devices
in wireless networks [3]-[5]. For example, in an energy
harvesting sensor network, sensors can harvest energy from
the ambient or dedicated EM waves to power themselves
for data transmission by various schemes, such as wireless
compressive sensing proposed in [6].

Since EM waves decay quickly over distance, they
have to be concentrated into a narrow beam via multiple
antennas to achieve efficient power transfer. This is referred
to as energy beamforming [7], which was first considered
for simultaneous wireless information and power transfer
(SWIPT) in multiuser downlink in [7]. Assuming perfect
channel state information (CSI) at the transmitter, [8] in-
vestigated the joint optimization of transmit power control,
information and power transfer scheduling; [9] studied
resource allocation algorithms for SWIPT in broadband
wireless systems.

With the assumption of perfect CSI, the uplink wireless
information transfer (WIT) powered by downlink WPT
was considered in [10], [11]. A harvest-then-transmit pro-
tocol was proposed in [10], where all users first harvest the
wireless energy in the downlink and then send independent
information in the uplink by time-division-multiple-access
(TDMA). The sum throughput was maximized by jointly
optimizing the time allocation for the downlink WPT and
uplink WIT. [11] proposed a wireless-powered communi-
cation network with a full-duplex access point (AP) and
multiple users. The AP implements full-duplex operation
through two antennas: one for broadcasting wireless energy
to users in the downlink and one for simultaneously
receiving uplink information from users via TDMA. Under
an energy causality constraint, the authors investigated the
problems of maximizing the sum throughput and minimiz-
ing the total time required for each user sending given
amount of data back to the AP.



The knowledge of CSI is an essential prerequisite for
both energy beamforming and information decoding. For
instance, [8] showed that the rate-energy tradeoff in SWIPT
systems degrades as the CSI accuracy decreases. Typically,
the receiver needs to perform channel estimation and feed
back CSI to the transmitter before power transfer. In
practice, perfect CSI at the transmitter is not available due
to various factors such as time-varying channel, inaccurate
channel estimation, quantization error and feedback error.
When the channel uncertainty is considered as determin-
istic and norm bounded, robust beamforming design was
studied in [12] for a multiple-input-single-output (MISO)
system with SWIPT, in [13] for a two-way relay system
with SWIPT, and in [14] for secure communication in a
multiuser SWIPT system. In [12], the harvested energy
was maximized for the worst-channel realization, while
guaranteeing that the information rate is above a threshold
for all possible channel realizations. However, the actual
worst case may occur with a very low probability. Hence,
this worst-case approach may be overly conservative and
therefore, leads to unnecessary performance degradation.
When the CSI errors are instead considered as Gaussian
random variables, the energy beamforming was studied
in [15] for a SWIPT multicast system, and in [16] for
a single-user MISO system. [15] proposed a stochastic
beamforming scheme to achieve more balanced outage-
constrained achievable rates among multiple information
receivers. [16] derived the optimal time duration which
maximizes an upper-bound rate of uplink WIT powered
by downlink WPT. Recently, the energy beamforming with
one-bit feedback was also studied in [17] for multiuser
multiple-input-multiple-output (MIMO) WPT systems. It
proposed a channel learning approach, which requires each
user to send back one bit to the transmitter to indicate the
change of the harvested energy between the present and
previous feedback intervals.

Energy beamforming based on more accurate CSI con-
tributes to higher efficiency of power transfer. The receiver,
however incurs significant time (overhead) to obtain the
accurate CSI. Longer time duration for channel estimation
leads to more accurate CSI available at the transmitter,
but also shortens the WPT duration, which may lead to
less harvested energy. To maximize the harvested energy,
there is thus a design freedom, namely the time spent for
estimating the channel. Moreover, to improve the overall
system energy efficiency, the amount of energy used for
WPT should be optimized, for example, less energy is used
for severely-fading channels. Nevertheless, to the best of
our knowledge, there does not exist any work that takes
into account the preamble overhead and energy allocation
for WPT via energy beamforming.

We consider a frame-based MISO system in which the
transmitter performs energy beamforming using imperfect
CSI fed back from the receiver. The frame is divided into

four phases as shown in Fig. 1: the channel estimation
(CE) phase, the feedback phase, the wireless power transfer
(WPT) phase, as well as the general energy utilization (EU)
phase. In this paper, we focus on efficient wireless power
transfer; and the particular use of the harvested energy,
such as for uplink WIT or sensing [10], [16], [18] is not
considered in this work. The feedback is assumed to be
error-free and take negligible time, and is thus ignored in
the analysis. The time duration for the EU phase is fixed.
Unlike previous work on robust beamforming in [12]-[14],
we maximize the harvested energy by balancing the time
durations between the CE phase and the WPT phase, as
well as allocating transmit power for the WPT phase.

To maximize the harvested energy, we consider two
scenarios, where we employ dynamic-length preamble or
fixed-length preamble. Given a channel estimate, we first
derive the optimal energy beamformer, which applies to
both scenarios. Then, we adjust the time duration for
the CE phase. For the first scenario, the preamble length
is allowed to vary dynamically depending on channel
conditions. The optimal online preamble length is obtained
by solving a dynamic programming (DP) problem. The
DP problem is proved to reduce to an optimal stopping
problem. The optimal policy is then shown to depend only
on the channel estimate power. That is, if the channel
estimate power is less than a time-dependent threshold, the
receiver continues to perform CE, otherwise the receiver
stops CE and requests wireless power. For the second
scenario in which the preamble length is fixed for all
frames, we optimize the preamble length offline. Moreover,
we adjust the power allocated for WPT in each frame,
for both scenarios. For the scenario of dynamic-length
preamble, the power for WPT is allocated according to
both the optimal preamble length and the channel estimate
power; while for the scenario of fixed-length preamble,
the power for WPT is allocated according to only the
channel estimate power. Numerical results are finally given
to validate our analysis.

The paper is organized as follows. In Section II, we
describe the system model, and give the problem for-
mulations. We study the optimal energy beamformer in
Section III. In Section IV, we allow the preamble length
to vary with frames, and use dynamic programming to
find the optimal preamble length. In Section V, we fix
the preamble length for all frames, and derive the optimal
preamble length offline. Section VI derives the optimal
power allocation schemes. Section VII gives the numerical
results. Section VIII concludes this paper.

II. SYSTEM MODEL

We consider a frame-based wireless power transfer sys-
tem, consisting of a wireless power (WP) transmitter with
m antennas, a single-antenna receiver that is also known
as a WP receiver, a downlink channel for wireless power



transfer from the WP transmitter to the WP receiver, as
well as a feedback channel to send CSI (and data) from
the WP receiver to the WP transmitter. Hence, the WP
transmitter and WP receiver also serve as the informa-
tion receiver and information transmitter, respectively. We
assume that the WPT system operates with a frequency-
division-duplexing protocol.

Asin Fig. 1, each frame consists of four phases. To focus
on efficient WPT, the time duration for the fourth EU phase
is fixed and not considered in this paper. We assume the
time duration for the CE, feedback and WPT phases in one
frame is fixed as T' symbol periods, which is normalized
to be one second for convenience. In the first CE phase,
the WP transmitter sends preambles, and the WP receiver
performs channel estimation in an interval of 7 symbol
periods. In the second phase, the WP receiver feeds the
CSI back to the WP transmitter within € symbol periods.
In the third WPT phase, the WP transmitter delivers power
via beamforming. The WP receiver harvests energy from
the radio-frequency (RF) signals.

Frame 1 Frame 2 Frame M

Channel Estimation | Feedback | Wireless Power Transfer | Energy Utilization
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Fig. 1: Frame Structure

We assume there is a lossless link for CSI feedback'. For
simplicity, we assume the feedback time € = 0. The down-
link MISO channel h is assumed to undergo quasi-static
flat Rayleigh fading in each frame, i.e., h ~ CA (0,,,R),
where 0,,, is the all-zero column vector, and R £ E (hh#)
denotes the channel covariance matrix. We assume that R
is a full-rank matrix and has equal diagonal elements. The
channel is referred as uncorrelated if R = £1,,,, where
¢ € (0,1] is the path loss, and I,, is the identity matrix.
The channel may vary independently from frame to frame.

A. Wireless Energy Beamforming

We assume the time duration for CE and WPT can be
divided into N time slots, each of which consists of m
successive symbol periodsz, i.e., T'=mN. The preambles
that consist of k = i time slots are used to obtain the
channel estimate, denoted as ﬁk In this paper, both £ and
T are discrete variables, while m is a constant integer. In

'In practice, the cyclic-redundancy-check scheme with retransmission
can be used to ensure an error-free feedback.

2For simplicity, we assume the number of successive symbol periods
is m, although it is not necessary in practice.

the WPT phase, the received baseband signal in the n-th
symbol period is written as

Yn = XD+ 2, (1)

where X, is the m x 1 transmitted signal vector, and
Zp ~ CN(0,02) is the additive white Gaussian noise. For
convenience of analysis, o2 is assumed to be the noise
power normalized to the variance £ of channel coefficients.
The channel coefficients are accordingly considered to
have unit variance in the following analysis. Given channel
estimate hy, we denote the m x 1 beamforming vector as
w(hg). Then, we have X, = w(hg)s,, where s, is a
scalar that depends on the allowable transmit power. The
subscript n is ignored in the sequel.

Due to the law of energy conservation with efficiency
p, the harvested RF-band energy® in one baseband symbol
period, denoted by Fj, at the WP receiver is assumed to be
proportional to that of the received baseband signal, i.e.,

Eo = pBpx U)?Hhﬂ = pE, 5, UWH(ﬁk)hﬂ )

We assumed in (2) that the energy due to the ambient noise
cannot be harvested. For convenience, we also assume p =
1 in this paper.

B. Problem Formulation

The WP receiver aims to harvest energy as much as
possible in the WPT phase. Intuitively, longer preambles
can increase the accuracy of channel estimation, and thus
increase the efficiency of power transfer, but at the cost
of reduced time left for the WPT phase. We also note
that the power of the received signal depends on the
fading condition in one frame. Hence, to maximize the
harvested energy, we first consider two scenarios with
constant preamble power, where we optimize the preamble
length dynamically for each frame or optimize a fixed
preamble length offline. Then we optimize the transmit
power for WPT in each frame, via the power allocation.

1) WPT with dynamic-length preamble: We consider
the scenario where the preamble length is allowed to vary
dynamically, i.e., the receiver can decide to perform CE or
request WP at any time slot based on its current channel
estimate. We denote the beginning of the (k 4 1)-th time
slot as time instant k, where k£ = 0,1,--- , N — 1. At
time instant kK = 0, the receiver decides to perform CE
or request WP in the first slot. If it decides to request
WP at £ = 0, the transmitter performs WPT in the
first slot without beamforming. Otherwise, the transmitter
sends preambles in theA first slot, and the receiver obtains
the channel estimate h; at the end of the first slot. For

3Note that (2) is the harvested energy for the scenario in which the
path loss is normalized to one and the time duration of 7" symbol periods
is normalized to be one second.



the subsequent time instant k, if the receiver decidfg:s
to request WP, it feeds back the channel estimate hy
to the transmitter. Then the transmitter performs WPT
using optimal beamformer w*(hy,) in the next slot. If the
receiver decides to continue CE at instant k, the transmitter
sends preambles in the (k + 1)-th time slot. The optimal
beamformer w*(hy,) will be found in Section IIL

In Section IV, we first formulate a dynamic program-
ming (DP) problem to maximize the harvested energy
assuming that constant transmit power is used for WPT.
We define therein the control space C, decision variable wuy
and the system state x;. We define a policy as a sequence
of functions gk (xx) which maps each system state into a
decision at time instant k = 0,1,--- , N — 1. The set of all
possible policies is denoted as II. Let gi(xg,ux) be the
energy harvested in slot k£ with state x; and decision wuy.
To maximize the expected harvested energy in all slots, we
thus have the following optimization problem

N—-1
(P1) max E LZB 9k (X, uk)l : 3)

The expectation is performed over all random variables,
specifically the channel h and the channel estimates {hy}
which become available only after the decision of CE or
WP is made. The optimal policy 7* for (P;) is obtained
in Section IV-C.

In particular, we assume an explicit feedback protocol in
which the receiver feeds back the decision on whether to
continue sending preambles or to stop sending preambles.
Although the explicit feedback protocol is difficult to
implement in practice, it allows us to investigate the best
possible performance under a general setting. We shall
see later in Section IV that it is in fact optimal to feed
back once to stop preamble transmission, resulting into an
efficient implicit feedback protocol, see Remark 1.

Then, we derive the optimal power allocation in Sec-
tion VI-Al, which allocates transmit power for WPT
according to both optimal preamble length adapted by
using the optimal policy 7n*, and the channel estimate
power.

2) WPT with fixed-length preamble: To reduce imple-
mentation complexity, we consider the scenario in which
the preamble length is fixed as k time slots in all frames,
but can be optimized offline. Then, the WPT phase in each
frame consists of (T'— 7) symbol periods, where 7 = km.

In Section V, we first maximize the harvested energy
assuming that constant transmit power is used for WPT,
by optimizing both the preamble length £ and the beam-
forming vector w(hy). Specifically, we have the following
optimization problem

(P2) max

{wi(hy),vhy },
0<k<N-—1

~ 2
(T — km)E, 5, UwH(hk)h‘ } (4a)

S t. Hw(ﬁk)H —1, (4b)

where || - || is the l>-norm. We will find the optimal
solution w* (as a function of h;) and £* in Section III,
and Section V, respectively. Then, we derive the optimal
power allocation scheme in Section VI-B, which allocates
transmit power for WPT according to only the channel
estimate power.

III. OPTIMAL ENERGY BEAMFORMING

In this section, we obtain the optimal beamforming

vector w*(h), which shall be used to find the solutions to
problem (Pq), (P2) in Section IV, Section V, respectively.

A. Partial or Full Feedback

In practice, it is difficult for the transmitter to obtain full
CSI due to the limited feedback capacity. This motivates us
to investigate the impact of different amount of feedback
on energy beamforming and thus the harvested energy. We
let the receiver selectively feed back only ¢ (1 < ¢ < m)
largest channel coefficients to the transmitter, so as to
reduce the feedback amount. If ¢ =m, it reduces to the
conventional full CSI feedback. Let h;, denote the channel
coefficient with the r-th largest channel gain. Tl}e receiver
,Eiq} and the
corresponding index set Z C {1,2,---,q} to denote the
selected antennas, and feeds back the coded digital bits to
the transmitter. An additional log (C") bits are required
for the feedback of the index set Z. The parameter ¢
is defined as a metric, namely the feedback dimension,
to quantify the cost/amount of feedback. The transmitter
uses only ¢ antennas with index in Z to perform energy
beamforming.

quantizes the vector h, = [hil,hi27~-~

B. Optimal Energy Beamforming

The energy beamforming is performed by using imper-
fect CSI at the transmitter. We first obtain the distribution
of the channel h conditioned on a general unbiased channel
estimate h. We consider the g-dimensional feedback of
CSIL. Define the estimation error e, = h, — h,. Let

2 h hH S H
R, 2 E(hqhq> and Re, 2 E(eself) be the g-
dimensional counterparts of channel covariance matrix R
and the error covariance matrix R, respectively. From

equation (16) in [19], we have the following lemma.
Lemma 1. Let flq =h, + e,;. Assume h, ~ CN(0,,R,),
the error vector e, ~ CN(04,Req), and h, and e,

are jointly Gaussian distributed. Given hg, the vector h,
follows a complex Gaussian distribution, i.e.,

h, [h, ~CN (mhq|ﬁq , th‘ﬂq) (5)




_ -1 -1
where mhq|ﬁq = (Re,qRq +Iq) h,, and
-1 —1\—1
(Rq + Re,q)
From Lemma 1, the conditional correlation matrix is

R

he|h, —

—~ P ~ o H —~
h,|h, — th|hq +mhq\hq mhqlhq' ©)

Denote the singular value decomposition (SVD) of R, i
by th|ﬂq = Uqqu«?’ where Uy = [u1,4 Uz 4 -+ Ug,q),
Ly =diag{y1 72 -+ 7} and 71 = 72 > -+ > 75. We
further have Lemma 2.

Lemma 2. Assume h, ~ CN(04,R,),
CN(04,Req), and hy and e, are jointly Gaussian. Given
h,, the optimal beamforming vector that maximizes the
normalized harvested energy, is given by

w (By) = ui. )

Proof: The harvested energy in one symbol period
in (2) can be rewritten as

[, [ () R (B )

(@) H(T o
2 g, Wi (Bo) Ry, 5, wa (B)] )
where (a) is from the fact that conditioned on the channel
estimate h,, the beamformer w = w(h,) is fixed and
treated as a constant. Clearly, the F; is maximized when
the beamformer is the largest eigenmode of R, 1 . ®W
q q

eq ~

Eo =K

Using the optimal beamformer in (7), the normalized
harvested energy FEj is the mean of the largest eigenvalue
7 of the matrix R, i in (6). The total harvested energy

in all remaining slots is thus given by

E=(T-7)Eg [n(Ry 5, )] ©)

We have assumed the channel estimate is unbiased,
which can be obtained by the widely-used least-square (L-
S) channel estimator [20]*. We keep the transmit power for
preambles a constant, which implies the effective receive
signal-to-noise ratio (SNR) for CE is only proportional to
the preamble length 7 that is to be optimized. We next
derive the optimal beamformer.

C. Optimal Beamformer for LS Channel Estimation

We first describe the optimal design of preambles.
We set the length of preambles as 7 = km, where
k = 0,---,N — 1. When the total power for sending
preambles is fixed as k, it is shown in [22] that the LS
estimation performance can be optimized by using the
preamble matrix as

X=[X; Xy ... X;]7, (10)

It turns out that the optimal beamformer in Lemma 2 also applies to
other channel estimators such as an linear minimum mean-square-error
estimator (LMMSE, see Section III-D in [21])

where X; = imIm, for ¢+ = 1,2,--- , k. From [20], we

obtain the LS estimate as follows
(11

where the length-m noise vector z; ~ CN(0,,, o21,,).
Clearly, the estimation error e is distributed as
2
CN (0, 021,,), where 07 = % and = 1 = ;5.
1) Correlated channel: From Lemma 1, we state
that given hg, the channel vector h, is distributed as
1~

—1
CN <(03Rq1 +1,) " by, (R + 51, > The con-

ditional correlation matrix Ry h yields
q q

-1
1
_(p-1
thlﬂq - <Rq +U21(J) +
€
_ —1 _ -1
(2R, '+1,)" hh (oZR;'+1,) . (12)

From (7), the optimal beamforming vector is the largest
eigenmode of thlﬁq in (12). -

2) Uncorrelated channel: From Lemma 1, given h, the

T h 2
channel is distributed as hy ~ CN (ﬁ7 %gqu). The
conditional correlation matrix is thus rewritten as
R o + ﬁqﬁf
h, |h, 1+ 02 q (1+03)2.
Note that R, | is the sum of a scaled identity matrix
q q

and a rank-one matrix. The eigenvectors can be constructed
as follows: take the normalized h, as the right eigenvector
corresponding to the maximal eigenvalue, and construct

other mutually orthogonal eigenvectors by Gram-Schmidt
algorithm. From Lemma 2, the optimal beamformer is

13)

w; (ﬁq) = &.
by
Associated to the optimal beamformer in (14), the largest
eigenvalue of the matrix th|ﬁq is

o? b, ||
R, ) =Y all__ 1
7 ( h, [, T+ o7 + a +o§)2 (15)

It is noted that the largest eigenvalue in (15) gives the
expected harvested energy in one symbol period with the
channel estimate h,,.

(14)

IV. WPT WITH DYNAMIC-LENGTH PREAMBLE

In this section, we consider the scenario where the
preamble length is allowed to vary dynamically depending
on the current channel estimate. To maximize the expected
harvested energy, we first formulate a dynamic program-
ming (DP) problem [23], which will be shown to reduce
to an optimal stopping problem, and thus can be simplified



considerably. Using the optimal DP policy, we shall derive
the optimal power allocation scheme in Section VI-A.

We assume uncorrelated flat Rayleigh fading channels
that are static in each frame but vary independently among
frames. The extension of the model to more general case
of Markovian channels is more tedious but conceptually
straightforward, see e.g. [24]. Let hi denote the channel
estimate available at time instant k (i.e., the beginning
of the (k + 1)-th time slot). Assuming no priori channel
knowledge is available, we initialize the channel estimate
as the mean of h, i.e., hg = 0. We assume that the receiver
adopts an LS channel estimator and performs full (i.e., m-
dimensional) feedback’®. The optimal beamformer in (14)
for ¢ = m is thus used in this section. We employ the
preamble matrix in (10). For £ =0, 1,--- /N — 2, it is
useful to rewrite the LS channel estimate in (11) as the
following recursive equation

k -~ h VMZi11
h .
T RS

+ k+1 (16)

ﬁk+1 = A

A. Statistical Properties of Channel Estimates

Before formulating the problem and obtaining the so-
lutions, we first obtain some useful statistical properties.
Lemma 3 quantifies the statistical relationship of two
adjacent channel estimates, while Lemma 4 shows that the
most recent channel estimate provides sufficient statistics
for estimating the channel.

Lemma 3. Given flk the next channel estimate flkH is
distributed as CN (1, 571,,), where

k(k+1+mo2) ~
(k+1)(k+ mo2)

mo?(k + 1+ mo?)
(k4 1)2(k +mo?)”

- _2
up = k> O =
Proof: Let 07, = %to2. From Lezmma 1 for ¢ = m, we
~ NN ‘

have that b [ B, ~ CA’ (Tajhk, +751,,). From (16) and
the independence between hy and the noise vector zj41,
we obtain the result after algebraic manipulations. [ |
We take the channel estimate power as a random variable
Vi, i.e., Vi = ||hg||?. From Lemma 3, conditioned on V}, =
Vg, the random variable %Vkﬂ follows the noncentral

Chi-Square distribution with the degree 2m of freedom
and the noncentrality parameter

_ 2k2(k+ 1+ mo?)uy

0
b mo2(k + mo?)

Moreover, the conditional probability density function

SWith full feedback, the amount of feedback is still acceptable. This is
because in the optimal DP scheme, the receiver needs to feed back only
once in each frame, which will be shown in Theorem 1.

(pdf) of Vi1 is thus given by [25]
1 V1 Ok
f (kg lvr) =57 &P ( 7 2 )

m—1
2Vk41 N 29kvk+1

I 1| —— |, 17
( 0o}, ) ' ( ey a

where I,,,1(-) is the (m — 1)-th order modified Bessel
function of the first kind. The conditional mean is

_ O
EVk+1\Vk::vk [Vk+1} = UI% (m + 2) .

(18)

Lemma 4. Given a sequence of LS channel estimates
hy,hs,--- , hg, the distribution of channel vector h con-
ditioned on all channel estimates is simplified as

which Ais ) the Gaussian distribution
CN (7B, 177 T ), where of = 02,
Proof: See proof in Appendix A. [ ]

Lemma 4 suggests that the accuracy of channel estima-
tion can not be increased by using all available channel
estimates, compared to using only the most recent chan-
nel estimate. This observation will be used to show the
structure of the optimal DP policy (see Theorem 1, later).

B. Problem Formlation

We formulate the optimization problem to maximize
the total expected harvested energy, assuming that the
transmitter uses constant transmit power for WPT. We first
make the necessary definitions.

1) Decision (or Control) Variable: We denote the de-
cision variable as ug € C. The decision space C consists
of only two elements s and c, that corresponds to stopping
CE (i.e., requesting WP) or continuing CE, respectively.
We initialize u_; = c.

2) System State: We define the system state xj as
consisting of (i) d; which denotes the number of slots used
so far for CE, and (ii) the most recently available channel
estimate. Given uy and current state X, the next state is

_ { {0 + 1aflk+1}7
Xk+1 =

Xk
The initial state is xo = {do, ﬁo} with §p = 0, flg = (. We
denote the space of all possible state as S. From Lemma 4,
this system state is sufficient to obtain the statistics of h
even if all priori channel estimates were made available.
3) Policy: Define a policy 7 as a sequence of functions

w:{uk(xk), Vx, €S, k=0,1,--- ,]\/v—l}7

R
PERETC ()
if up =s.

where py : S — C is a function that maps the state xy
into the decision variable in the next time slot, i.e., uy =
1k (xx). We denote the set of all possible policies as II.



4) Reward: Given state x;, and decision u = pg(xx),
we denote gj (xx, ux) as the reward, given by the expected
harvested energy in slot k. If u;, = s, we have from (15)
with 02 = 2?7 that

2
mo? 0|
d + mo?

gk (Xp, up) =m , 2D

(6 + mo?2)?

and if uy = c, then g (xg, ux) = 0.

5) Dynamic Program and Optimal Policy: To maximize
the total harvested energy, we thus have the optimization
problem (P;) given in (3). The optimal policy 7* is given
by the functions {ux ()}, i.e., the decision uy given state
X, that satisfy the Bellman’s equation [23]:

JN—1(XN—1):7I}]1&>§ IN—1(XN—1,uN—1),
(i) =max g (xi, ue) +Bq, 5, [Jee1(xes)], (22)

for k= N—2,---,0. Here, J;(xy) is known as the value
function which represents the harvested energy for the last
(N — k) time slots, conditioned on the current system
state xj. Typically, the solution is obtained by backward
recursion, by first solving for pn_1(+) for slot N —1, then
for un—2(-), -+, o(-). The maximum expected harvested
energy with policy 7* is given by Jy(x1).

C. Optimal Policy

Theorem 1 states that the Bellman’s equation (22) can
be reduced to an optimal stopping problem, for which a
decision is changed at most from c to s once and fixed
henceforth.

Theorem 1. Any decision sequence of the optimal policy
7 has the structure

(UE,UT,-H,U);V_l):(C,C,‘” TS )a (23)
—_———

k=0,1,---k*—1 k=k*,-- ,N—1

S, S,

where 0 < k* < N —1. That is, the optimal policy initially
performs only CE for the first k* slots, then performs only
WPT for the remaining slots.

Proof: See proof in Appendix B. ]

Remark 1 (Optimality of an implicit feedback protocol).
Theorem 1 implies that the WP receiver only needs to
feed back once, after it decides to request WP. Hence, an
implicit feedback protocol in which the WP receiver feeds
back only to stop preamble transmissions, is sufficient and
can be used in practical implementation®. If there is no
feedback received, the WP transmitter will assume that

6The WP transmitter will send slightly more preambles, due to the
feedback delay induced by the channel and processing at the receiver
and transmitter. However, the resulting performance degradation is small
if the delay is small, compared to the frame length.

the decision at the WP receiver is to continue CE, and
thus send preambles continuously.

Theorem 1 allows us to simplify the DP problem and
obtain a solution that can be implemented with low com-
plexity. Before we obtain the structure of the optimal
policy in Theorem 2, we first state the expected harvested
energy under different scenarios. Henceforth, we assume
the optimal policy is employed.

Given state xy, if the receiver decides to request WP,
ie., ur = s, then the expected harvested energy in the
remaining slots is obtained from (9) and (15) as

E (B k) = m(N = By [wh b wi.op]

2
= A (Bk + C B ) : 4)
where A, = m(N — k), By kfyi%% and C;, =
%. If the decision is instead u;p = c, then the

expected harvested energy in the last (N — k) time slots,
under all possible decisions made for subsequent slots, is

Jit1 (xx) = Eﬂkﬂ‘ﬂk [(Jrer1 (K1) - (25)

For the special case in which the receiver decides to
continue CE (u;, = c) at time instant & and stop CE
(ug4+1 = s) at time instant £+ 1, then from the conditional
mean in (18), the expected harvested energy conditioned
on hy is obtained after some algebraic manipulation as

E (th, k+1) — Bg  [f [E (hk+1,k+1>] (26)
~ 2
k*(k+1+mo?) ’th +Flp1
=Dy Grn ,

where Dy 1 = m(N—k—1), Fyy1 = mo?(k+mo?)(k+
mo?+m), and Giy1 = (k+14+mo?)(k + mo?)2.
Now, we state the optimal policy in Theorem 2.

Theorem 2. The optimal policy to Problem (P1) depends
only on the channel estimate power, i.e.,

2 ’ (27)

where the sets (intervals)

Dee = [[0, Ae,1) U A2, Ak3) U U A a1, Ak )]
Dsjp = [[Mo,15 Mes2) U [Ak3, Aya) U+ U Mg, +00) ]

and A1 < -+ < A\ m,, are the solutions to E(ﬂk,k) =
Jet1(Xp11) with respect to the variable |hy|?.

Proof: From Theorem 1, to obtain the optimal policy
for the original DP problem, if ux_1 =s, then u, =s; if
up—1 = G, it suffices to compare if uy = s or c results in a
larger output of the value function. Hence, from (21), the



value function simplifies as

Je(xk) = max{f? (ﬁk, k) ,ijrl(Xk;)}

for k = N -2 N —1,---,0, in_a backward manner.
Specifically, assuming uj,_1 = c, if E(hy, k) > Jri1(xz),
then the receiver requests WP with uy = s, otherwise the
receiver continues CE with u; = c. Hence, to obtain the
optimal decision, we have to solve the equation

E (ﬂk,k) = Jps1(x1),

to compare the two terms in (28). From (24), the first
term E(hy, k) is a monotonically increasing linear function
of only the channel estimate power ||hy||?. Moreover, the
second term Jr11(x%), given in (25), is also a function of
only |[hy|/%. This claim is checked by induction based on
backward recursion as follows.AAt time instant k = N — 2,
we have Jy_1(xy_2) = E(hy_1, N — 1). From (26),
the term Jy_;(xn_2) is a linear function of ||hy_o|?.
It follows from (28) that Jn—2(XN_2) is a piecewise
linear function of ||hy _»||?. From (25) and the conditional
distribution in Lemma 3, we thus obtain that IN_o(xXN_3)
is a function of ||hy_3||?. By mathematical induction with
decreasing slot index, we have that Jr+1(xx) is a function
of [y 2 )

Hence, the decision policy depends only on |[/hy
Denote the solution(s) to (29) with respect to ||h||? by
)‘k-,lv )\k,g, s 7)\k,Mk’ assuming )\k,l <-... < )\k,Mk- The
desired result is obtained. ]

In general, the state value is of (m + 1)-dimension,
and the complexity of obtaining the optimal policy and
implementing it can be very high. Moreover, the memory
required to store the policy too large. From Theorem 2,
however, the optimal policy can be implemented for each
slot by only comparing the channel estimate power to a
scalar value, thus saving complexity in computation and
storage of policy. The thresholds can be pre-computed and
stored in a lookup table. During online implementation,
the receiver refers to the table to make the decision.

(28)

(29)

2.

D. Optimal Thresholds

In this section, we derive the optimal thresholds {Ay ;}
in Theorem 2 in a backward manner, by solving equa-
tion (29) fork = N—1, N—2,---,0, assuming uy_1 = c.
At time instant N — 1, we have F(hy_1,N — 1) >
0, YV hy_; € C™. Thus, it is optimal to set Ay_; = 0.
This is because it is always optimal for the receiver to stop
CE at time instant N — 1, since ||hy_1[|?> > 0 holds with
probability one for fading channels. R

For k = N —2, we have Jy_1(xn_2) = E(hy_1, N —
1~).AThe equation (29)Af0r k = N — 2 thus reduces to
E(hy_9, N—2) = E(hy_;, N—1). Observe that both the
left-hand side (LHS) and right-hand side (RHS) are both

monotonically increasing linear functions of Hﬁ N_al?.
Hence, the decision policy at this time instant depends on a
single threshold. If DNfl(N — 2)2 7’5 An_oGN_1Cn_2,
the threshold is

AN_9BN_2GNn_1 — Dn_1Fn_1

+
— . (30
Dn_1(N —=2)2 - An_2GN_1Cn_2 (30)

AN—2

where the notation [z]* = max{0, z}; and Ay_o = 0, oth-
erwise. For the subsequent slots k = N —3, N —4,--- |0,
we can obtain the thresholds by a numerical search as
follows. By substituting (28) into (25), we note that the
RHS of (29) is expressed in a recursive form

jk+1(Xk) =
Eflk+1|f1k {max {E (}AlkJrl,k:—l—l) ’jk+2(xk+1)H . (3D

Hence, it is difﬁcglt to obtain a closed-form solution
of the threshold |lhi||? that solves (29). Thus, we let
the quantity |hy|? take discrete values in the set Q =
{A, 2A, ---, M A}, and search for the closest values(s)
in the set Q that solves (29).

In general, there may be multiple solutions to (29),
denoted as Ay j, j =1,---, My, since the LHS E(hy, k)
is a monotonically increasing linear function of ||f1k\|2,
and the RHS is a function of ||hy|?, which may not be
a monotonic function. To get more insights, we give a
numerical example on the thresholds.

Example 1. Let N = 42,m = 3 and the noise power
02 = —63 dBm, see the detailed parameter setting in
Section VII. The thresholds are numerically computed and
shown in Fig. 2. We numerically find that the threshold
at each time index k is always unique, which can further
simplify the decision process in practice. It is observed
that the threshold monotonically decreases as the time
index k increases. This observation is consistent with the
intuition that if a channel estimate is good enough to be
acceptable at time k& for WP to be performed, it should also
be acceptable at time (k+ 1) when there will be one more
slot available for the channel estimate to be improved.

V. WPT wiTH FIXED-LENGTH PREAMBLE

In this section, we consider the scenario wherein the
preamble length is fixed in all frames. We first derive
the optimal preamble length. This corresponds to the case
of offline adaptation, in contrast to online adaptation in
Section IV where the preamble length is varied over
frames. Based on the optimized fixed-length preamble,
we shall derive the optimal power allocation scheme in
Section VI-B. We assume uncorrelated channel. We aslo
assume that the receiver adopts an LS channel estimator
and performs ¢-dimensional feedback. See analogous re-
sults for correlated channel, and for an LMMSE estimator
in [21].
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Using the optimal beamformer in (14), from (9)
and (15), the total harvested energy is rewritten as

o? 1 2
E=(T-7) <1+a§ + Tr o7, “ D (32)

Before giving the result, we define a quantity that
depends on only the number m of transmit antennas and
the feedback dimension ¢ as

h

q

Gy 2
Py
m—r+1 ‘
s(—1)5+1
; (m—r+1—s)!s!(s4+r—1)2 (33)

It can be shown that G, , increases as either m or ¢
increases. 11/1\ the case of full feedback, i.e., the receiver
feeds back h to the transmitter, we have G, ,, = 2m. In
independent Rayleigh-fading MISO channels, by using the
optimal beamformer in (14) at the transmitter, we have the
following theorem.

Theorem 3. Let T, m, 02 and G, , be defined as before.
When the channel is estimated by an LS estimator, the
optimal length of preambles for channel estimation is
unique and is given by
; T(Gnyg—2
. 0, if 02 > TGmg=2)

arg max _ E (1), otherwise
re{lnl.[m1}
(34

where the notations |-| and [] are the floor operation and
the ceiling operation, respectively, the quantity

20252 _
T = —m2o’ + m\/az (m?o? —;T)(Gm’q 2)
m,q

and the function

GgT + 2m?o?

Moreover, the corresponding maximal harvested energy
Emax = E (T%).

Proof: See proof in Appendix C. [ ]

Remark 2 (Effect of feedback dimension g). Theorem 3
implies that larger feedback dimension ¢ leads to more
harvested energy, which is as expected. This is because
given m, the constant G, 4 increases as ¢ increases, which
can be easily shown. Moreover, we observe that the optimal
preamble length 7* also increases as ¢ increases. That
is, longer training time is required to obtain accurate g-
dimensional CSI and thus high-efficiency WPT, when more
feedback is allowed.

Remark 3 (Effect of channel variation on the harvested
energy). So far, we assume the channel is constant in one
frame. In practice, however, the channel may change, due
to the feedback delay induced by the channel, and process-
ing at the receiver and transmitter. Here, we investigate the
effect of channel variation on the harvested energy.

For simplicity, we adopt m-dimensional feedback and
an LS estimator. Let hy ~ CN(Opy,I,) and hy ~
CN(Om,Im) be the channel in the CE phase and the
WPT phase, respectively. We assume that the temporal-
ly correlated channels follow a first-order Gauss-Markov
distribution according to

hy = v/ah; + (1 — y/a)n,

where the constant o € [0,1] is a temporal correlation
coefficient, and n ~ CA(Om, I ) is an innovation process.
Then, we have the following lemma.

(36)

Lemma 5. Assuming the Gauss-Markov channel-varying

model in (36), the optimal beamformer is w*(ﬁl) = ﬁ
The harvested energy in the WPT phase is given by
2
E(r)=(T—-71) M +(1— \/a)Q (37)

T+ m2o?
Proof: Recall that ﬂl = h; + e. From (36), we have

hy = v/ah — vae + (1 - va)n.

We take the sum of the second and third term in (38)
as noise. Following similar steps in Section III-B and the
proof for Theorem 3, we obtain Lemma 5. |

(38)

Specially, when the channels are constant in one frame,
ie., a« = 1, the harvested energy reduces to the result
in (35) for Gy, = 2m. Moreover, we can obtain the
optimal training length 7* for time-varying channels, by
using the same proof scheme as Theorem 3.



VI. OPTIMAL POWER ALLOCATION

Based on the derived optimal preamble length, in this
section, we derive the optimal power allocation schemes
for the scenario of dynamic-length preamble and fixed-
length preamble, respectively.

A. Dynamic-Length-Preamble Based Power Allocation

By using dynamic-length preamble, the preamble length
is typically shorter if the channel condition in one frame is
good, and longer if the channel condition is bad. Intuitively,
we can maximize the harvested energy by adjusting the
transmit power for WPT, according to different channel
conditions. In this section, we derive the optimal power
allocation scheme, assuming the use of the optimal policy
7* for adapting the preamble length, although our subse-
quent results does not depend on the actual policy 7 used.

As in Section IV-A, we take the channel estimate power
in tlme slot k£ as a random variable denoted by Vj, i.e.,

= ||hy|/2 € R*. Under policy 7*, the preamble length,
denoted by k time slots for convenience, is also random.
When the receiver stops the channel estimation procedure
at the end of the x-th slot, we denote the corresponding
channel estimate power by V,, i.e., V, = |h, |I? € Ds -

First, we derive the joint pdf of x and V,i, denoted
by f(s,k|7*), upon using the optimal policy 7*. For
convenience, we omit the notation 7* in the sequel. We
denote the joint pdf of Vi,V5,--- Vi_1,V, and k by
flvr,v9, -+ ,v5-1,0, k). The joint pdf f(v., k) is given
by the following recursive relation

~m—1 ~
'Ul —U1
2T (m) (L + mo2)m—1 (1 Tm > (39

f(fﬁfml{):/ / .f(vla"'7vl€—1a
v1 E€Dc,1 Vie—1€Dc k-1

for v, € D,

f(o1,1)=

Uk H)d'Ul U dvﬁ*l?

< /vleDc,lf(vl)l/vzeDc,z fvalor) ( . /vx1€73w1

f(UK|vK,—1)f(UH—1 |vl~€—2)dv.‘£1 e ) dv2‘| d’Ul, (40)

for k =2,--- N —1, where I'(-) is the Gamma function.
Here, f(v1) is the same as (39) with the argument replaced
by v; € RT, and f(v;y1|v;) is in (17), and (a) is from
Lemma 4 and the fact v, = v, for v, € Ds .

1) Optimal Length-and-Channel-Power Aware Power
Allocation: In this section, we consider the scenario in
which the power is allocated according to both the optimal
preamble length x and the channel estimate power v,,. We
refer to this scheme as length-and-channel-power aware
power allocation (LCPA). With unit transmit power, the

harvested energy is from (24)
2 2>
m(N —k) < M7 T ) . (4D

k+mo2  (k+mo2)?

We use p(Ux, k) to denote the transmit power for WPT
in the frame with optimal preamble length « and channel
estimate power U, € Ds,. We assume that p(vy, k)
can be dynamically allocated, subject to the per-frame
transmission power constraint P, and the average trans-
mission power constraint P, over frames. To maximize
the total expected harvested energy, we have the following
optimization problem

max

(P3) max  Eg . [E(m,n)p@mn)]
{p(Vs,k

s. t. Eg, o[m(N — k)p(0s, k)] < P, (42b)
0 < p(vs, k) < P, (42c)

E (Vs k) =

(42a)

for v, € Ds ), k=0,---,N—1. In (42b), the transmit
power is utilized for WPT only in the last (N — k) slots.

Define 7)(v,, k) = 75((}3’;"2). Here, (v, k) is the effi-
ciency of power transfer in the frame with optimal length
k and channel estimate power v,,, which will be used as a
criterion for adjusting the transmit power for WPT among
frames. The optimal solution can be obtained by a greedy

procedure as stated in Theorem 4.

Theorem 4. The optimal power allocation for Problem
(P3) is to allocate as much energy (up to Py) to the frame
with highest 1(0,, k) over all v, and all k, then to the
frame with the second highest 1(Vy, k), and so on, until
the average energy constraint P, is satisfied.

Proof: Define a(vy,k) = m(N — k) f(Ux, k), and

(U, k) =a(Vy, £)p(Vy, k). Problem (P3) is rewritten as
N1
(B} ;0 Vep R )de] 3
N1
sty [ / ©(T, K)dDx | < Py, (43b)
=0 |/veeDs.n
0 < (v, k) < aVy, K) Py, (430

for v, €Ds ., £=0,---,N—1.

The transformed problem is a linear programming (LP)
problem. For convenience of exposure, the channel es-
timate power v, is assumed to take discrete values.
We use dg to denote the decreasing sorted vector of
vec ({n(vx, k)}), where vec(-) is the vectorization oper-
ator. Let (Uy,,K;) be the pair of the channel estimate
power and preamble length for the i-th element in d;.
Thus, the optimal solution to the transferred LP problem
is obtained as follows: For the first consecutive (L — 1)
elements in ds, the power allocation is Pj; for the L-
th element in ds, the power allocation is such that the
constraint (43b) is satisfied with equality; and for other



remaining elements in dg, no power is allocated. Here, L
is chosen to be the maximally possible. This is because
for (v,,, %1), the objective function is increased the most,
by setting the transmit power corresponding to (Uy,, k1)
as the maximally possible, after which the transmit power
for (vUy,,k2) is set as the maximally possible, and so on,
until the average power constraint P; is satisfied. ]

Remark 4 (Complexity of power allocation scheme). Fol-
lowing the greedy procedure in Theorem 4, the allocated
power for each combination (k,7,) is pre-computed and
stored in a two-dimensional look-up table. In implemen-
tation, the WP transmitter obtains the transmit power by
referring to the lookup table. Hence, the complexity during
implementation is relatively low.

2) Optimal Length-Aware Power Allocation: To further
reduce implementation complexity, we consider a sim-
plified power allocation scheme in which the power is
allocated according to only the optimal preamble length
K, referred as length-aware power allocation (LPA). Com-
pared to the general Problem (P3), we herein restrict
p(Us,k) = p(k), independent of the channel estimate
power ¥,;. As in the LCPA scheme, we employ the optimal
policy 7*. Then, the probability that the optimal preamble
length is k, is given by

oo = / £ (B ) .
V. €Ds, 1

With unit transmit power, the average harvested energy
from frames of preamble length x is given by

Qharv,ﬁ, = ]Eﬁ,‘. {E(aﬁ, H):| .
Problem J; is thus simplified as
(Py) max E, [p(k)Qnarv.x]
{p(x)}
s.t. Ex [m(N —k)p(r)] < Ps,
0<pk)< P, fork=0,---,N—1.
Qharv,m‘

Let n(k) = Ny~ Similar to Theorem 4, the solution to
Problem (P4) is given without proof as in Proposition 1.

(44)

(45)

Proposition 1. The optimal power allocation for Problem
(P4) is to allocate as much energy (up to P;) to the frame
with highest 7(x) over all k, then to the frame with the
second highest 7(x), and so on, until the average energy
constraint P, is satisfied.

B. Fixed-Length-Preamble Based Power Allocation

In the fixed-length preamble scenario considered here,
the optimal preamble length (i.e., k = % time slots) is
obtained in Section V, and henceforth used for all frames.
Here, we consider the power allocation according to only
the channel estimate power v,;, referred as channel-power-
aware power allocation (CPA). For consistence, we use

11

the same notations as the LCPA scheme in Section VI-Al,
with the only difference here that the preamble length & is
fixed.

Let p,(v,) denote the transmit power for WPT in the
frame with channel estimate power v,,. After obtaining v,
via feedback, the transmitter performs WPT with transmit
power p,(¥,) in the current frame. With the same power
constraint P; and P, as in Problem (Pj3), we have the
following problem formulation

(P5)  max B, [Ex (5, 5) pa(5)] (47a)
s. t. m(N —&)Eg, [ps(Vs)] < Pa, (47b)

0 < pe(v,) < Py, for v, € RT. (47¢)

We note that given x, the harvested energy E, (Ui, K)
in (41) is a monotonically increasing function of the
channel estimate power v,. Similar to Theorem 4, the
solution to Problem (Pj5) is given below without proof.

Theorem 5. The optimal power allocation for Problem
(Ps) is to allocate as much energy (up to Py) to the frame
with highest channel estimate power v, over all v, then
to the frame with the second highest v, and so on, until
the average energy constraint Py is satisfied.

VII. NUMERICAL RESULTS

In this section, we present numerical results to validate
our results. We set the number of transmit antennas m = 3.
We assume the time duration for the CE and WPT phases
in each frame is 100 s, which consists of 7' = 126 symbol
periods (equivalently, N = 42 time slots). The carrier
frequency is 5 GHz, and the bandwidth is 100 KHz. We
set the power spectrum density of noise as —113 dBm/Hz,
which implies the noise power 02 = —63 dBm. We take
the path loss model as 1073D~3, where the path loss
exponent is 3, and D = 2.1 m is the distance between
the WP transmitter and WP receiver. A 30dB path loss is
assumed at a reference distance of 1 m. We employ LS
channel estimation given in this paper, as well as LMMSE
channel estimation, see details in [21].

First, we simulate the harvested energy using the scheme
based on the fixed-length preamble in Section V, but
without the adaptive power allocation in Section VI-B. We
fix the transmit power as Py = 1 Watt.

We start from an uncorrelated MISO channel. Fig. 3
plots the harvested energy for different dimension g of
CSI feedback. With perfect CSI at the transmitter, the
maximum ratio transmit (MRT) beamforming scheme har-
vests most energy, which provides an upper bound for
all schemes that use fixed-length preamble. The [J-maker
curve is plotted according to (35) in Theorem 3 for
different preamble length 7. From (34) in Theorem 3, the
optimal preamble length is 7* = 14 us, and the maximum
harvested energy is 2.8 pJ. The simulation results (x-maker
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curve) coincide with the analytical results. Moreover, the
harvested energy is reduced as the dimension g of CSI
feedback decreases. Also, we observe that the LS based
WPT achieves the same performance as the LMMSE-
based WPT scheme as expected, since the channel is
uncorrelated.

Next, we assume a correlated MISO channel, with
channel correlation matrix that has the structure: [R]; ; =
ol"=3l. 0 < o < 1, where i and j are the indices of
the entries [20]. We set the correlation parameter ¢ = 0.8.
The harvested energy is plotted in Fig. 4. We observe that
the LMMSE-based scheme transfers more energy than the
LS-based WPT in general, due to the fact that an LMMSE
estimator achieves more accurate channel estimation than
an LS estimator.

Second, as shown in Fig. 5, we compare the length-
and-channel-power aware power allocation (LCPA) scheme
in Section VI-Al, to the length-aware power alloca-

50 : :
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Fig. 5: Comparison of FwoPA, LCPA, LPA and CPA.

tion scheme (LPA) in Section VI-A2, as well as the
scheme based on the optimized fixed-length preamble
with channel-power-aware power allocation (CPA) in Sec-
tion VI-B. We take the harvested energy by using the
optimized fixed-length preamble without power allocation
(FwoPA), as a benchmark. The schemes with power alloca-
tion are shown to achieve significant increase in harvested
energy, compared to the FwoPA scheme. Moreover, the C-
PA scheme and the LCPA scheme harvest almost the same
amount of energy. This is because in the CPA scheme,
the optimal preamble length is obtained after averaging all
possible channel realizations, and the dynamical nature of
the channels is fully exploited by the CPA scheme. We also
find it encouraging to observe that the energy harvested
by using the low-complexity LPA scheme is close to that
harvested by using the optimal LCPA scheme or the CPA
scheme, although the dynamical nature of the channels is
only partially exploited by the LPA scheme.

VIII. CONCLUSION

The paper studies a MISO system where the transmitter
delivers power to the receiver via energy beamforming,
and the harvested energy is used by the receiver to do
work. To maximize the harvested energy, we first derive the
optimal energy beamformer. Then, we perform dynamic
optimization for the preamble length, and also obtain
the optimal offline (fixed) preamble length to reduce the
complexity. Moreover, we derive the optimal power allo-
cation schemes for wireless power transfer with dynamic-
length preamble and fixed-length preamble, respectively.
As future extension of this paper, we have considered
the uplink data transmission powered by downlink WPT
in a multiuser massive MIMO system that consists of a
hybrid data-and-energy access point with a large number
of antennas and multiple single-antenna users [26].



APPENDIX A
PROOF FOR LEMMA 4

Proof: For some antenna index, let h,ﬁr, ETH be the
channel coefficient, and the channel estimate in time slot r
and r+1, respectively. From Bayes’ formula and Lemma 3,
it is straightforward to show that

~ o~ A 2
hrahr+1 NCN <(r+ )hr+1 o ) (48)

h )
r+1+mo2’ r+1+mo?

From Lemma 1, we obtain that conditioned on ETH,
the h has the same distribution as in (48). Thus, we
have f (h ‘hr, hey1) = f (h hr+1). We further obtain

by mathematical induction that f (h|hy, ha, -+, hx) =
f(h|hy), for E = 1,--- /N — 1. The independence
between elements completes this proof. ]

APPENDIX B
PROOF FOR THEOREM 1

Proof: We first consider the Policies 1 and 2, as
follows. Policy 1 has a decision sub-sequence (c,s, c) over
slots 7 — 1, 7,7+ 1. The corresponding states are x,, X, 1
and x,19, where x,11 = X, because from (20) the state
value remains the same when u, = s. Policy 2 is exactly
the same policy as Policy 1, except that given state x, in
slot r, Policy 2 performs CE followed by WP regardless
of the state in slot k + 1. Thus, the decision subsequence
becomes (¢, c,s). We aim to show that Policy 2 has strictly
higher expected harvested energy than Policy 1. Both
policies are statistically equivalent in slot r+2 and onwards
because both have used the same number of slots for CE;
hence the expected harvested energy in slot r 4+ 2 onwards
are the same. It thus suffices to compare the expected
harvested energy of Policy 1 in slot r, denoted by E7J(x;),
and that of Policy 2 in slot r + 1, denoted by E5™!(x,).
For Policy 1, from (21), the expected harvested energy is

~ 2
mo2 r? ’ h,
(r+mo2)? |’ “49)

5 () =
! m<r+m03 +

For Policy 2, the channel estimate ﬁ,«H in the next
slot k£ + 1 is introduced. Hence, the expectation for the
harvested energy is taken over the conditional distribution
p(h,h,41|h,) as follows

E§+1 (x)
H. . H
= mEﬁH—l\ﬁr |:Eh|ﬁ7‘+17ﬁr {(W:+1) hh W:Jrl”

(a) * H H_ %
= mEﬂr+1|ﬂr [Eh‘fh+1 [(W,._H) hh W7.+1H

~ 2
2 (7"+ 1)2Eﬂr+1\ﬁr |:’ hr+1H :|

(b) mos
B r+ 1+ mo? (r+14+mo2)?

13

2

~

h,

(r+ma2)?

d

© . mo?(r +m + mo?) . (50)
(r+mo2)(r+1+mo2)

where (a) comes from Lemma 4, (b) follows (15), and (c)
is from the conditional mean in (18). We conclude that
Policy 1 is strictlz)y Worsezthan Policy 2, since F5 ' (x,) —
E{(XT) = ('r+7‘rrlnof()7?r_+11)iina§) > 0.

The same argument extends to the case in which there
are more than one slot with decision s in between the two
slots with decision c. Theorem 1 must then hold; otherwise,
there exists a decision subsequence with a structure that
was shown to be suboptimal. [ ]

APPENDIX C
PROOF OF THEOREM 3

Proof: From (9) and (15), using the optimal beam-
former in (7), the total harvested energy is
]

q
2
_ N o [
EB)=(T-8m = =
~ ~ T

ﬁ [|h1\2 |hm|2] . Elements of
u are independent Chi-Square random variables, since
h;’s are independent zero-mean comg)lex Gaussian ran-
dom variables with variance (1 + %) Let w;, denote
the random variable corresponding to the r-th largest
observation of the m original random variables. Denote

_ m! ol
Cmyr = = D= From order statistics, we have

~
i,

Denote u =

m—r+1

>

s=1

s(—1)s+t
(m—r+1—s)ls!(r+s—1)2"

2m)!
(r—=1)!

E [’U,l,] =

Denote Gy g = >7_ Eu;.]. We have that gy, 1 is
no less than than 2. Moreover, Gy, ., = 2m, since
o Elu;,] is the variance of a (m degrees of freedom)

Chi-Square random variable. Then we have

GmgB + 202
2(8+02)
Moreover, it is standard to show (51) is quasi-concave

function of . Setting the first-order derivative of E (5)

to be zero, the E (/) is maximized at the unique positive
solution which is given as follows

E(B) = (T — fm?) (51)

2
2 oy
pr=—0;+ \/mQGW](m%g + 1) (Gm,q—2) (52)
Define E(7) £ E/ (1/m?). Let 1 = m2;.

Since the preamble length should be multiples of the
number of transmit antennas m, we obtain the optimal

preamble length as 7% = arg  max  E (1), if 02 <

re{lr),[m]}



%; and 7* = 0 otherwise. Thus, the maximum
harvested energy Fpn.x = F (7). u
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